The thermoelectric properties and crystal structure of individual electrodeposited bismuth telluride nanowires ͑NWs͒ were characterized using a microfabricated measurement device and transmission electron microscopy. Annealing in hydrogen was used to obtain electrical contact between the NW and the supporting Pt electrodes. By fitting the measured Seebeck coefficient with a two-band model, the NW samples were determined to be highly n-type doped. Higher thermal conductivity and electrical conductivity were observed in a 52 nm diameter monocrystalline NW than a 55 nm diameter polycrystalline NW. The electron mobility of the monocrystalline NW was found to be about 19% lower than that of bulk crystal at a similar carrier concentration and about 2.5 times higher than that of the polycrystalline NW. The specularity parameter for electron scattering by the NW surface was determined to be about 0.7 and partially specular and partially diffuse, leading to a reduction in the electron mean-free path from 61 nm in the bulk to about 40 nm in the 52 nm NW. Because of the already short phonon mean-free path of about 3 nm in bulk bismuth telluride, diffuse phonon-surface scattering is expected to reduce the lattice thermal conductivity of the 52-55 nm diameter NWs by only about 20%, which is smaller than the uncertainty in the extracted lattice thermal conductivity based on the measured total thermal conductivity and calculated electron thermal conductivity. Although the lattice thermal conductivity of the polycrystalline NW is likely lower than the bulk values, the lower thermal conductivity observed in this polycrystalline sample is mainly caused by the lower electron concentration and mobility. For both samples, the thermoelectric figure of merit ͑ZT͒ increases with temperature and is about 0.1 at a temperature of 400 K. The low ZT compared to that of bulk crystals is mainly caused by a high doping level, suggesting the need for better control of the chemical composition in order to improve the ZT of the electrodeposited NWs. Moreover, bismuth telluride NWs with diameter less than 10 nm would be required for substantial suppression of the lattice thermal conductivity as well as experimental verification of theoretical predictions of power factor enhancement in quantum wires. Such stringent diameter requirement can be relaxed in other NW systems with longer bulk phonon mean-free path or smaller effective mass and thus longer electron wavelength than those in bulk bismuth telluride.
I. INTRODUCTION
Thermoelectric transport in nanowires ͑NWs͒ has been a topic of great interest because of a potentially enhanced thermoelectric figure of merit ͑ZT͒ in NWs according to several theoretical calculations. [1] [2] [3] [4] ZT depends on the Seebeck coefficient ͑S͒, electrical conductivity ͑͒, thermal conductivity ͑͒, and absolute temperature ͑T͒ according to ZT = S 2 T / . Bismuth telluride ͑Bi 1−x Te x ͒ NWs have received much attention because bulk bismuth telluride alloys have remained one of the most widely used commercial thermoelectric materials to date, with a maximum ZT close to unity at near room temperature. In a previous work, 5 the thermoelectric properties of individual electrodeposited Bi 1−x Te x NWs were characterized using a suspended device. Both positive S of about 260 V / K and negative S values of about Ϫ80 to −100 V / K were observed for Bi 1−x Te x NWs deposited with different Bi to Te ratios in the electrolytes. This earlier work reveals rather different transport properties in the NWs from those reported for bulk Bi 1−x Te x crystals, 6 as well as sensitive dependence of the thermoelectric properties on the stoichiometric deviation in the Bi 1−x Te x NWs. However, the crystal structure was not characterized on the same NWs for which the thermoelectric properties were measured. Hence, correlations between the observed properties and the crystal quality and chemical composition could not be established.
Because of the sensitive dependence of the thermoelectric properties of Bi 1−x Te x on the atomic ratio and the crystal direction, the lack of knowledge of these two parameters makes it difficult to evaluate whether size confinement plays a role on the observed properties. In addition, electrical contact to the NWs was made by using focused ion beam ͑FIB͒ assisted Pt deposition on the contact area. There has been concern that such deposition could damage or contaminate the NWs. 7 Moreover, the contact thermal resistance error in the measurement results was not addressed in that earlier work.
To address these outstanding questions, we have carried out an experimental study of the structure-thermoelectric property relationship of individual electrodeposited Bi 1−x Te x NWs. An in situ hydrogen annealing procedure was developed to establish electrical contact between the NWs and the underlying Pt electrodes prepatterned on the microdevice so as to avoid the use of the FIB Pt deposition method. High resolution transmission electron microscopy ͑HRTEM͒ was employed to characterize the crystal structure and chemical composition of the same NWs assembled on the thermoelectric measurement device so that the observed properties can be correlated with the crystal structure, growth direction, and the composition of the NW sample. The contact thermal resistance was evaluated using a four-probe thermoelectric measurement method. Theoretical analysis is used to interpret the measurement results and extract the Fermi level, carrier concentration, and carrier mobility. The Lorenz number for the NWs is also calculated based on the extracted Fermi level and used to investigate the relative contributions of various heat carriers to the total thermal conductivity of the NWs.
II. EXPERIMENTAL METHODS
The Bi 1−x Te x NWs were synthesized via electrodeposition into the nanopores of anodized alumina membranes ͑AAMs͒. 8 The Bi to Te ratio was varied in the electrolytes during the growth of different batches of NW samples. Following the deposition, the AAM was dissolved in 2M NaOH solution, which was subsequently replaced with de-ionized ͑DI͒ water until a pH value of 7 was obtained. The DI water was then exchanged with isopropanol ͑IPA͒ several times, creating a suspension of NWs in IPA.
A drop of the NW suspension was placed on a chip containing several microfabricated devices for thermoelectric measurements. 9 After the IPA evaporated, occasionally one Bi 1−x Te x NW was trapped between the two membranes of the suspended device and on top of the four prepatterned Pt electrodes on the membrane, as shown in Fig. 1͑a͒ .
The native oxide on the NW surface initially prevented electrical contact between the NW and the Pt electrodes. To address the problem of making electrical contact to the NWs, we have investigated a method based on in situ hydrogen annealing without using FIB or electron beam induced Pt deposition. After the sample was bonded to a ceramic chip carrier and the chip carrier was placed inside a continuous flow cryostat evacuated by a turbo pump, forming gas containing 5% hydrogen in nitrogen was introduced to the sample area. Subsequently, the sample stage temperature of the cryostat was increased from room temperature to about 480 K with the presence of hydrogen flow. The flow rate of the forming gas was set to be 5 ͑SCCM͒ ͑SCCM denotes standard cubic centimeter per minute at STP͒. Ohmic contact between the Bi 1−x Te x NW and the four underlying electrodes could be obtained often within 20 min after the temperature reached 480 K while the forming gas was introduced.
Thermoelectric measurements were conducted on four NW samples following the procedure reported previously. [9] [10] [11] For samples 2 and 3, the NW touched all four Pt electrodes on the two suspended membranes. The four-probe electrical resistance of these two samples was measured by using the two outer Pt electrodes as current leads and the two inner Pt FIG. 1. ͑Color online͒ ͑a͒ SEM image of Bi 1−x Te x NW sample 3 assembled between the two membranes of the suspended device. The NW is laid on top of four Pt electrodes on the two membranes, referred as electrodes 1, 2, 3, and 4 from left to right. A NW bundle located near the bottom of the membranes was cut using a FIB, with care taken not to expose the suspended NW sample area during cutting. The scale bar is 10 m. ͑b͒ HR-TEM images of sample 3. Scale bar is 2 nm in the inset. ͑c͒ Selected area electron diffraction pattern taken from a 1 m segment, ͑d͒ Bright field and ͓͑e͒ and ͑f͔͒ corresponding centered dark field images of sample 3 taken with a 0.42 nm −1 objective aperture centered around g 210 and 5g 003 , respectively. Scale bars are 100 nm in ͓͑d͒-͑f͔͒.
electrodes to measure the voltage drop. Sample 1 touched three of the four electrodes of the microdevice. Therefore, four-probe electrical conductivity was not obtained for this sample. Sample 4 touched only two inner electrodes and the contact length on one membrane was short. Consequently, the thermoelectric properties measured on sample 4 could consist of large errors caused by contact resistances, and were not included here.
In addition to two-probe measurement of the thermal conductance and Seebeck coefficient of all four samples according to a previous method, 11 the thermal conductance and Seebeck coefficient of sample 3 were also measured using a recently developed four-probe thermoelectric measurement procedure, 9 where the thermocouple junctions between the NW and the four supporting Pt electrodes were used to measure the temperature drops at the two contacts. A detailed description of the two-and four-probe measurement procedure and error analysis is given in the supplemental materials. 12 After the thermoelectric measurement, the sample was removed from the cryostat and placed in a TEM for crystal structure characterization. TEM measurement of the NW assembled on the measurement device was made possible by the presence of a through-substrate hole etched under the suspended device. The thermal conductivity and electrical conductivity were calculated from the measured thermal conductance and electrical resistance and the length and diameter measured using TEM and scanning electron microscopy ͑SEM͒ and on the suspended segment of the NW.
III. MEASUREMENT RESULTS
TEM was performed on samples 2, 3, and 4. Sample 1 was broken during transfer from the cryostat to the TEM. Consequently, no TEM measurement results were obtained for this sample. Sample 4 is a NW from the same AAM template as sample 1, whose TEM analysis may be found in the supplemental material. 12 The HRTEM images in Figs. 1 and 2 reveal a surface oxide thinner than 1 nm. This oxide thickness was much thinner than those observed previously on Bi 1−x Te x NWs that were not annealed in the forming gas.
The HRTEM image and electron diffraction pattern in Figs. 1͑b͒ and 1͑c͒ suggest that sample 3 is single crystalline with few defects or dislocations. The growth direction of this sample is determined to be along the ͗2110͘ or the binary direction, perpendicular to the trigonal axis. In comparison, the bright and dark field TEM images of sample 2 show distinct grains along the NW length, as shown in Figs. 2͑c͒-2͑e͒. Such polycrystalline structure was not observed in the dark field TEM image of sample 3 shown in Figs. 1͑e͒ and 1͑f͒. The polycrystalline structure of sample 2 is also evident from the high resolution image of Fig. 2͑a͒ and the selected area electron diffraction pattern in Fig. 2͑b͒ , which shows the majority of the NW is oriented within three degrees of the ͗2110͘ direction.
The atomic ratio was obtained using the energy dispersive spectrometer ͑EDS͒ of the TEM. EDS results show a stoichiometry of 43 at. % Bi and 57 at. % Te for sample 2, 74 at. % Bi and 26 at. % Te for sample 3, and 60 at. % Bi and 40 at. % Te for sample 4. However, the EDS results of an individual NW can contain large errors because of the weak signal detected.
The measured NW diameters from TEM analysis were 55Ϯ 1 nm and 52Ϯ 3 nm for samples 2 and 3, respectively. The diameter of sample 1 was measured using SEM to be 55Ϯ 4 nm. increases with T suggesting n-type doping. According to Fleurial et al., 6 the transition from p-type to n-type in bulk Bi 1−x Te x compounds occurs at an electron concentration of n =1ϫ 10 18 cm −3 and 62 at. % of Te. For Te content smaller ͑or larger͒ than 62 at. % Te in bulk Bi 1−x Te x , n was found to be smaller ͑or larger͒ than 1 ϫ 10 18 cm −3 and the crystal was found to be p-type ͑or n-type͒. On the other hand, it has been reported that electrodeposited Bi 1−x Te x thin films exhibit n-type behavior at a Te content smaller than 62 at. % because impurities in the film resulted in n larger than 1 ϫ 10 18 cm −3 at relative low Te content. 13 Therefore, it is possible that impurities in the NWs also cause the n-type behavior although the measured Te content by EDS is less than 62 at. %. Figure 4 shows as a function of T. Sample 3 of good crystal quality demonstrated more than three times higher than those of polycrystalline sample 2 and a 6 m thick electrodeposited polycrystalline film in Ref. 13 . Figure 5 shows the measured thermal conductivity of the three NW samples. For NW 1 and 2, the contact thermal resistance error was not eliminated from the reported values because NW 1 only touched three of the four electrodes and the thermoelectric voltage measured using one of the four contacts to NW 2 was somewhat noisy. 12 For sample 3, a ϳ6% thermal contact resistance error has been measured with the use of the four-probe procedure and corrected for the reported values. Samples 1 and 3 have roomtemperature values in a range of 1-3 W/mK. In comparison, the room-temperature thermal conductivity varies between 1.8 and 3.3 W/mK for n-type and p-type bulk Bi 1−x Te x crystals.
6 Samples 1 and 2 have values lower than the bulk or NW sample 3 by much more than the 6% thermal contact resistance error eliminated from the reported of sample 3. Figure 6 shows the ZT values of samples 2 and 3 calculated from the three measured transport properties. For both samples, the ZT increases with temperature and is about 0.1 at temperature 400 K. As discussed in details below, the smaller ZT in the NWs than in the bulk crystals is mainly caused by the low Seebeck coefficient.
IV. ANALYSIS AND DISCUSSION
There are two possible scenarios that can result in the low S values observed in the NWs of this work. The first possibility is that the carrier concentrations in the NWs are higher than that in the bulk in Ref. 6 and electrodeposited thin film in Ref. 13 because of impurities. This would push the Fermi level ͑E F ͒ in the NWs high into the conduction band, resulting in a low S and a high due to a large n. In this case, conduction in the NW can be analyzed using a single-band model. The second possibility is the opposite situation where the impurity or carrier content is low so that the NWs are in the n-p transition regime. Near the transition regime the cancellation between the electron contribution and the hole contribution to S result in a low S. In this case, transport in the NW needs to be considered using a two-band transport model.
We have employed both a single-band model and a twoband model to analyze the measurement data in order to better understand the distinctly different properties observed in the NWs. In the two-band model, the measured S data for a given sample were used to determine the E F . A threedimensional density of states is used based on the NW diameters and the estimated de Broglie wavelength D Ϸ 9 nm at room temperature for the growth direction along the binary crystal axis found in samples 2 and 3. The mean-free scattering time is assumed to depend on the carrier energy E according to = 0 E r e , where 0 and r e are constants. As shown in the temperature dependence of the extracted carrier mobility to be discussed below, is limited by either acoustic phonon scattering or boundary scattering in the NWs. Under these conditions, r e takes a value of Ϫ1/2.
14,15 This same value has been found previously to be appropriate for bulk Bi 1−x Te x . 16 The Seebeck coefficient was calculated as
where S e and S h are the Seebeck coefficients of electrons and holes, respectively, n and p are the electron and hole concentrations, respectively, e is electron mobility, and h is hole mobility. The electron contribution and hole contribution to S were calculated using 
where
is the Fermi-Dirac integral of order y, k B is the Boltzmann constant, and the terms e and h are the reduced Fermi energies for electrons and holes. These are related by the ex-
with E F and E Fh being the Fermi energies for electrons and holes measured from their respective band edges and T is the absolute temperature. The term E g is the temperature dependant bandgap given by an empirical relation. 16 Bulk mobility data 17 perpendicular to the trigonal direction was used for sample 3. Mobility data parallel to the trigonal axis could not be found in literature, but was approximated using the bulk mobility perpendicular to the trigonal axis 17 and bulk electrical conductivity anisotropy factors of 4 for electrons and 2.7 for holes. 18 This approximation has been used previously in the modeling of Bi 1−x Te x NWs. 18 For sample 1 without TEM data and the polycrystalline sample 2, the two-band analysis was performed for both crystal orientations. For the modeling of transport in the NW, it was assumed that the electronhole mobility ratio was the same as in bulk such that the Seebeck coefficient in Eq. ͑1͒ may be modeled without additional fitting parameters besides E F . The electron and hole concentrations were calculated using
and
where Using the above model, E F was adjusted to match the measured S data for each sample. The fitting may be accomplished using E F either in the transition regime or in the highly degenerate regime, as shown in the example of Fig. 7 . However, while both sets of possible Fermi energies can match the measured S values, the values associated with each scenario are very different and can be used in comparison with the measurement data to determine the actual case for the NWs.
The electrical conductivity was calculated from
where e is the elemental charge. Because of boundary scattering effects that tend to decrease , it can be expected that the values for the NW cannot be higher than the bulk values. However, it was found that even using the bulk values 17 for several different stoichiometries, the values calculated using Eq. ͑5͒ for E F in the transition regime were 2-20 times smaller than the measurement values for the NWs. Hence, the actual E F should be the one found in the degenerately n-type regime. In this case, a single-band model of the electron band is appropriate to analyzing the measured transport properties because the two-band model and the single-band model yield essentially the same results for this case, as shown in Fig. 7 .
The single-band model used in this work closely follows a procedure reported previously to extract the E F , n, and from the measured S and of NWs. 15 Briefly, Eq. ͑2͒ is used along with the measured S data to extract E F , which allows for n to be calculated using Eq. ͑4͒. This n value is then used in conjunction with the measured to obtain = / ne.
The extracted E F in Fig. 8 is relatively constant, although a slight increase with T is observed for sample 1. The corresponding carrier concentrations for the NW samples are between 6 ϫ 10 19 and 1.3ϫ 10 20 cm −3 , as shown in Fig. 9͑a͒ . As seen from Fig. 9͑b͒ , sample 3 has a 2.5 times higher than that of sample 2. This suggests that grain boundary scattering reduces the mobility in sample 2, which is polycrystalline based on the TEM analysis. For bulk crystals at 300 K, the mobility is 171 and 152 cm 2 / V s for n = 5.2 ϫ 10 19 and 1.46ϫ 10 20 cm −3 , respectively. 19 Hence, the bulk mobility ͑ bulk ͒ at 300 K is estimated to be about 163 cm 2 / V s at n =1ϫ 10 20 cm −3 , which is about 19% higher than the extracted value of NW sample 3 at the same n. For sample 3, the extracted mobility decreases with temperature, indicating that the mobility was dominated by phonon scattering. Fore sample 2 that is polycrystalline, the extracted mobility is relatively independent of temperature, likely because grain boundary scattering was the most important electron scattering mechanism.
Using the extracted , it is possible to estimate the surface specularity p, which represents the probability of an incident quasiparticle being specularly scattered by the NW surface. 20 Purely specular and diffuse scattering yields the limiting cases of p = 1 and p = 0, respectively. It is assumed that n is approximately the same as the ionized impurity concentration. Hence, for the NW and bulk with the same n, the difference in mobility would be primarily due to different boundary scattering rate rather than impurity scattering. The boundary scattering mobility boundary is obtained using the Matthiesson's rule as
where is the extracted mobility of NW sample 3. The boundary scattering mean-free path l b is then found from
where m eC ‫ء‬ is the conductivity effective mass that is 1.27 times the rest mass, 21 and v F is the Fermi velocity calculated from the doping level of sample 3 to be ϳ5 ϫ 10 5 m / s. This gives a l b value of 112 nm at 300 K. By comparison, the bulk electron mean-free path ͑l e,bulk ͒ was estimated in a similar manner to be 61 nm at room temperature. Thus, l b is two times of l e,bulk that is limited by phonon and impurity scattering, resulting in an effective electron mean-free path ͑l e,NW ͒ in the NW of about 40 nm. The l b is related to the surface specularity p and the NW diameter d by
For sample 3, the above analysis give p of about 0.7, indicating partially specular and partially diffuse surface scattering of electrons. To better understand the measured thermal conductivity , we have calculated the electron contribution ͑ e ͒ to the thermal conductivity of samples 2 and 3 using the Wiedemann-Franz law. The dimensionless Lorenz number ͑L͒ in semiconductors depends on the carrier concentration, and often falls within the metallic limit of 2 / 3 and the intrinsic limit of 2. 22, 23 For the samples measured in this work, the calculated L based on the extracted E F varies between 2.65 and 2.96.
11 Figure 10͑a͒ shows that the obtained e at about 400 K is between 1.5 W/mK for NW sample 3, and about 0.35 for polycrystalline sample 2 that has lower n and compared to sample 3.
The difference between the measured and calculated e is due to the lattice contribution ͑ l ͒ and a bipolar contribution ͑ e-p ͒ caused by the thermal diffusion of electron-hole pairs that do not contribute to net charge transport. 23 We have employed the model in Ref. 24 to calculate the e-p term using the extracted E F , n, and of electrons, and the bulk mobility ratio between electrons and holes. The calculation results show that e-p is below 0.01 W/mK for the highly doped NW samples at temperature below 450 K. The very small e-p is caused by the high n-type doping of the NWs. The thermal transport by holes alone is also found to be negligible because of the high n-type doping. Hence, the lattice thermal conductivity is obtained as l = − e for the NW samples, which is plotted in Fig. 10͑b͒ with error bars taken from the thermal conductivity measurement uncertainty.
The curves also shown in Fig. 10͑b͒ are the calculated l for bulk and NWs with the same diameter as samples 2 and 3 using the lattice thermal conductivity model of Morelli et al. 25 and bulk phonon dispersion curve data 26 along the binary axis. The calculated bulk thermal conductivity is in agreement with the reported l of about 1.5 W/mK in bulk Bi 1−x Te x single crystals in the direction perpendicular to the trigonal axis. 16 Diffuse phonon-surface scattering is assumed in the calculation of l of the NWs, and would result in about 20% l reduction in a 52 nm diameter Bi 1−x Te x NW from the bulk value. To understand the small reduction in l , we calculated the average bulk phonon mean-free path l ph,bulk at 300 K from
where the summation is over the different phonon polarizations i, l is the lattice thermal conductivity calculated using the model in Ref. 25 and the dispersion relation in Ref. 26 , is frequency, C i ͑͒ is the spectral specific heat, and v i ͑͒ and ZBi are the frequency dependent phonon velocity and the frequency at the zone boundary for polarization i as given by the phonon dispersion relation, 26 respectively. Solving Eq. ͑9͒ and substituting for the specific heat gives
where i ͑͒ is the spectral phonon scattering mean-free time for polarization i as given in Ref. 25 , ប is the reduced Planck's constant, D͑͒ is the phonon density of states, and ͗n͑͒͘ is the Bose-Einstein distribution. It should be noted that the obtained phonon mean-free path includes effects from Normal phonon-phonon scattering processes as included in the l calculation from Ref. 25 . The obtained l ph,bulk is about 3 nm, which is three times larger than that obtained in Ref. 1 using the kinetic theory with the phonon dispersion ignored but still much smaller than the 52-55 nm diameter of the NWs. The 20% l reduction in the NW can be attributed to a reduction in the phonon mean-free path by a similar extent. This small reduction in the calculated l of the NW is smaller than the uncertainty in the extracted l = − e values show in Fig. 10͑b͒ . Consequently, l reduction from the bulk value is not observable in the extracted l values of the NWs, although it is likely that l of the polycrystalline sample is lower than the bulk value.
V. CONCLUSION
Thermoelectric measurements were performed on three individual bismuth telluride NWs. A new method of annealing NW samples in a forming gas environment was developed to make electrical contact between the sample and the prepatterned electrodes without using focused electron or ion beam deposition of metals, which could contaminate or damage the NWs. Based on a two-band model, all measured samples were found to be n-type and highly degenerately doped. The and of a NW with good crystal quality were observed to be greater than those of a polycrystalline NW. Based on an analytical model, the electron mobility of the monocrystalline NW was found to be ϳ19% lower than that of the bulk crystal at a similar carrier concentration, and 2.5 times higher than that of the polycrystalline NW. These results are attributed to partially specular and partially diffuse scattering of electrons by the NW surface and grain boundary scattering in the polycrystalline sample. Because of the short phonon mean-free path of about 3 nm in bulk Bi 2 Te 3 , diffuse phonon-surface scattering in the 52-55 nm NWs is expected to reduce the lattice thermal conductivity from the bulk value by only about 20%, which is smaller than the uncertainty in the extracted lattice thermal conductivity based on the measured total thermal conductivity and calculated electron thermal conductivity according to the Wiedemann-Franz law. Nevertheless, it is likely that the lattice thermal conductivity of the polycrystalline NW is lower than the bulk value. However, the extracted transport properties show that the much lower thermal conductivity and electrical conductivity found in the polycrystalline sample were mainly caused by lower electron concentration and mobility compared to the monocrystalline sample. For both samples, the ZT increases with temperature and is about 0.1 at temperature 400 K. Compared to the bulk, the low ZT in the NW is attributed to a high doping level in the NW samples. Hence, better control over chemical composition is necessary to improve the ZT of the electrodeposited NWs. In particular, extreme care will need to be taken to minimize impurities present in the electrochemical deposition setup to avoid unintentional doping of the NWs. On the other hand, the extent that the lattice thermal conductivity can be reduced in bismuth telluride NWs is rather limited unless the NW diameter is reduced to be less than 10 nm. Such sub-10 nm diameter bismuth telluride NWs will present a great challenge in maintaining the long electron mean-free path found in the bulk counterpart, as well as an opportunity to verify the theoretical prediction 1 of power factor enhancement as a result of the transition from a smooth density of states in large diameter NWs to an asymmetric one in sub-10 nm NWs. Such stringent diameter requirement can be relaxed in other NW systems with longer bulk phonon mean-free path or smaller effective mass and thus longer electron wavelength than those in bulk bismuth telluride. 
The thermal conductance of the NW sample is obtained as
Some error sources in the thermal measurement are heating of the substrate because of a finite substrate thermal resistance and the parasitic heat transfer between the two membranes via radiation or conduction by residual molecules in the evacuated cryostat. These error sources amount to a background thermal conductance G background of about 0.38 nW/K measured at 300 K when no sample was assembled between the two membranes. This value is comparable to the sample thermal conductance of a 4 µm long, 40 nm diameter NW with a low κ of about 1 W/m-K. Hence, when G total is not much higher than G background , G background needs to be subtracted from the measured thermal conductance (G measured ) to obtain G total . Figure S1a shows the measured thermal conductance results. The thermal conductance of these nanowire samples was found to be quite low, between 1-3 nW/K, which is not much higher than the measured G background shown in the same figure. The background conductance was subtracted from G measured to obtained G total of the samples (Fig. S1b ).
3 Radiation heat transfer from the device are evaluated. Radiation heat loss from the circumference of a 4 µm long, 40 nm diameter NW is estimated to be below 0.003 nW/K at T = 300 K, and can be safely ignored because G total is generally larger than 1 nW/K. In addition, radiation loss from the heating membrane is estimated to be well below 3% of Q h ; whereas less than 5% of Q l is lost via radiation from the two Pt lead wires supplying the heating current. Because Q l <Q h /2, the radiation error in (Q h +Q l ) is well below 4%, which is propagated into R b and G total . We note that R b of the supporting beams is the fin thermal resistance that has accounted for the radiation loss from the circumference of the beams in addition to heat conduction along the beams, with the radiation estimated to be at least one order of magnitude smaller than the conduction. 
In practice, the NW contact length between the two Pt electrodes on the same membrane is finite, and the two inner Pt electrodes have a finite width. In this case, the temperature difference, (T 1 -T 2 ) or (T 3 -T 4 ), between the two junctions on each membrane can still be used to determine the contact temperature drop, (T h -T h ') or (T s ' -T s ), using the fin temperature profile for the adiabatic tip condition. 2 The detailed derivation can be found in Ref. 
where T is the absolute temperature, k B is the Boltzmann constant, e is the elemental charge, and L is the dimensionless Lorenz number given by In Eq. 3, D is the electron density of states.
